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INTRODUCTION 
The aerospace industry is increasing its use of composite materials because 
of their: high strength and stiffness to weight ratio, low thermal expansion and 
resistance to fatigue and corrosion. Furthermore, their elastic and thermal 
properties can be tailored to suit anticipated service loads. Unfortunately, the 
very nature of these fibre reinforced polymers makes them prone to several 
types of damage. Among these damage modes, interlamina disbanding, or 
delamination , has been found to be the most serious. This form of damage can 
be induced by relatively low energy impacts such as a carelessly dropped tool, 
runway stones, hail and once started the region of damage can grow with the 
load cycling incurred in normal operation. 
Unfortunately, all conventional damage assessment techniques are limited 
to ground use and often require the structure to be taken out of service. Most 
techniques, including the more reliable ultrasound C-scan and X-ray techniques 
are not practical in the field, and usually require disassembly and isolation of the 
component involved. When hand held scanning systems are employed the 
inspections are time consuming and require a highly skilled technician. There are 
also specialized components, like aircraft leading edges that have complex 
geometries and are fitted with molded deicing rubber boots, that are not easily 
inspected by any nondestructive technique. 
The development of a built-in damage assessment system that could 
periodically or constantly check the structural integrity of each important or 
critical component could clearly be of great benefit. Such a system could 
alleviate concerns over the introduction of composite materials as well as 
substantially reduce the cost of their use in aircraft due to savings in down time 
for inspection. For composite materials a built-in monitoring system can be 
based on a grid of optical fibres imbedded within the structure at the time of 
manufacture. The simplest form of such a system would involve the 
interrogation of the optical fibers by a source of light and disruption in their 
transmission used to determine the location and extent of damage. Structural 
integrity monitoring by an embedded optical fiber array could also be of 
considerable benefit to many other structures that rely heavily on composite 
materials. These include: storage tanks, pressure vessels and pipelines [1]. 
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We have already demonstrated the feasibility of assessing damage to 
Kevlar/epoxy structures resulting from impacts with a grid of embedded optical 
fibres [2]. We also indicated that it might be possible to detect load-induced 
growth of a damage zone with such a system. In the present paper we have 
extended this work to much more complex layups including those with 
reinforcing honeycombs and have also made the first direct comparison of 
damage prediction based on the disruption of light transmission with the damage 
information provided by light bleeding and image enhanced backlighting. 
DAMAGE ASSESSMENT FOR COMPOSITE MATERIALS BASED ON 
OPTICAL FIBER FRACTURE 
The translucent nature of Kevlar/epoxy (made mostly from Fiberite HY-E 
17714AA/4560 unidirectional prepreg tape) allowed us to map the grid of optical 
fibers imbedded in panels of this material by means of the diffuse laser radiation 
emitted by the optical fibers. After the panel was subject to an out of plane load 
the position of fracture along each optical fiber could be pinpointed from the 
"bleeding" of laser radiation. This translucent feature also made it possible to 
observe regions of delaminations between adjacent Kevlar plies by the shadow 
they cast when the sample is subjected to uniform backlighting from an intense 
light source. We have demonstrated, that this method, when augmented by use of 
a video (CCD) camera and image processing, represents a reliable alternative to 
ultrasound C-scan for the Kevlar/epoxy specimens used in the current work, [3]. 
Treatment. Orientation and Depth Optimization of the Embedded Optical Fibers 
We have found it necessary to devise a special treatment for the optical 
fibers (Corning-1517 multimode with a cladding diameter of 125 )lm and a 50 
)lm core) that enabled us to reduce their strength in a controlled manner and 
thereby tailor their damage sensitivity. This has allowed threshold levels of 
impact damage to be detected [2] and might also permit such a system to monitor 
load induced growth of a damage zone. Control of the damage sensitivity was 
achieved by periodic etching of the sensing length of the optical fiber with a 
saturated solution of ammonium hydrogen difluoride [3]. A combination of 
optical bleeding and image enhanced backlighting was used in an extensive 
analysis of the sensitivity to fracture of the treated optical fibers with respect to 
their orientation relative to the material reinforcing fibers in the adjacent plies. 
We have determined that ideally the optical fibers should be embedded between 
collinear plies and be oriented to be orthogonal to the reinforcing material 
fibers. The optical fibers should also be located as close as possible to the surface 
of maximum tensile strain. 
Detection of the Growth in a Region of Delamination 
In order to explore the possibility that imbedded optical fibers could 
detect the growth of a region of damage we have subjected various Kevlar/epoxy 
specimens to out of plane deformation. A schematic of the experimental 
arrangement is displayed as figure 1. The Kevlar/epoxy panels were simply 
supported on all four edges and subjected to a central force provided by a 
plunger. In between successive deformations the panel was interrogated by 
backlighting to assess the formation of delaminations and by laser radiation to 
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Figure 1. 
Figure 2. 
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Schematic of experimental arrangement used to study the detection 
of load induced growth of damage with embedded optical fibers 
and image enhanced lighting. 
Two image enhanced backlit photographs of the delamination 
(shown as grey areas) generated within an 8 ply panel of 
Kevlar/epoxy by progressive out of plane loading. Also shown are 
the light bleedspots from the fracture of embedded optical fibers. 
determine where the embedded optical fibers had fractured. A pair of results for 
an 8 ply Kevlar/epoxy panel [0{90}0,90{0}90{0}90{0}90,0,0] in which two 
optical fibers were imbedded between the 8th and 7th plies at 900, and three 
were imbedded between the 6th and 5th, 5th and 4th, and 4th and 3rd plies, each 
at 00 are presented as figure 2. The dimensions of this panel were 
approximately, lOcm xlOcm x 0.2cm. The two backlit images that constitute 
figure 2 reveal both regions of delaminations (grey areas) and light bleedspots 
(dark spots), associated with fracture of optical fibers, correspond to deflections 
of 0.18 and 0.28 em, respectively. Such images were obtained by a sequence of 
subtractions while illuminating only one layer of optical fibers at a time. In 
figure 2(a) only the {0} optical fibers imbedded between the 5th and 4th plies 
were illuminated. A deflection of 0.18 em has led to the formation of a region of 
delamination between the 8th (rear ply and the one subject to the greatest tensile 
force) and 7th plies. It is apparent that one of the { 0} optical fibers has fractured 
1209 
close to the middle of this region of damage. In figures 2(b) the increased 
deflection of 0.28 em is seen to have caused a growth in this zone of 
delamination and two additional light bleedspots have been created. What is 
particularly significant about these additional {0} optical fiber fractures is that 
they occur close to the edge of the region of delamination. 
These results are representative of many experiments and strongly 
indicates the viability of using imbedded optical fibers to assess the growth of a 
region of delamination. We have been able to show that, in general, optical fibers 
are able to sense the presence of delaminations between lamina that are located 
several ply away provided through-the-thickness matrix cracks link the optical 
fibers with the region of delamination. The imbedded optical fibers are, in 
effect, remotely detecting a region of delamination and its growth. 
Comparison of Light Bleeding and Transmission for Embedded Optical Fibers 
Currently, we are developing a fiber optic damage assessment system for 
the Kevlar/epoxy leading edge of an aircraft. As part of the ground work for 
this undertaking we have built and tested many small panels with the same layup 
as the leading edge. This involves a combination of: weaves, unidirectional plies 
at 0, +/-45 and 90 degrees and a honeycomb core for reinforcement. This layup 
provides a reasonable test of the optical fiber damage sensing concept for it is 
representative of the complex composite structures found in aircraft. 
In most practical structures light bleeding will not be accessible and 
fractures of the embedded optical fibers will have to be determined by the 
disruption of their transmission characteristics. We have undertaken a direct 
comparison of light transmission measurements with light bleeding observations 
for the damage sensitized optical fibers embedded within several Kevlar/epoxy 
panels subject to out of plane loading. These results were in turn compared with 
image enhanced backlighting measurements of the delamination produced. 
We illustrate this comparison for the case of a planar version of an 
aircraft leading edge, figure 3. An exploded view of the layup and placement of 
the imbedded optical fibers is displayed as figure 3(d). The left upper frame (a) 
displays the intensity of light transmitted through the 14 embedded optical fibers 
prior to any load. Optical fiber-14 provides a reference signal as it is not subject 
to high load and should not fracture. Significant decreases in the intensity of 
light transmitted through a number of the embedded optical fibers can be seen in 
frames (b) and (c) as the out-of-plane loading on the panel is increased. Frames 
(e) and (f) show the light bleeding spots (indicated as very dark spots) resulting 
from the fracture of the optical fibers (also indicated) and the net shadow cast by 
delamination between several of the plies as recorded by our image backlighting 
technique for each of the two loadings. It should be noted that when optical 
fibers have not fractured, yet appear to lie with the region of delamination - the 
extent of the delamination between plies that are accessible to those optical fibers 
through matrix cracks is smaller than the total shadow seen with the enhanced 
backlit image. For example, optical fibers -11 and 12 appear to lie within the 
overall shadow but have not fractured in the first loading. However, with 
increased loading optical fiber-11 fractured. This reveals how the boundary of 
the damage region grew between loadings in the vicinity of the 45 degree optical 
fibers. 
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A comparison of load induced delamination growth detection in a 
complex Kevlar/epoxy laminate panel by embedded optical fibers 
based on light bleeding and changes in light transmission. These 
results can be compared with the regions of delamination as 
mapped by image enhanced backlighting, see text. 
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It is apparent from the comparison of the disruption in the transmitted 
light with the light bleeding spots, figure 3, that substantial changes in 
transmission can serve to provide a reliable prediction of delamination. Indeed, 
there are examples where the drop in light intensity associated with a partial 
fracture is easier to see than the corresponding light bleeding spot. This is 
evidently more so the thicker the laminate. These results are representative of 
many experiments and this work is very encouraging since it strongly indicates 
the viability of using imbedded optical fibers to assess load induced growth of a 
region of delamination from the change in their light transmission. 
SUMMARY 
The results presented in this paper are representative of many experiments and 
strongly attest to the viability of using imbedded optical fibers to assess load 
induced growth of a region of delamination from the change in their light 
transmission. This is obviously very important since light bleeding is by and 
large likely to remain primarily a laboratory technique for damage detection. 
Furthermore, our work suggests that with a judicious selection of location and 
orientation for the embedded optical fibers it may be possible to obtain 
substructure information on the state of damage in the case of complex layups. 
Finally, it should also be noted that since fracture of the optical fibers can 
be determined in real time, as can image enhanced backlighting, the combination 
represents a powerful new form of diagnostics that could be used to study the 
"dynamics of damage "within composites in a manner not previously possible. 
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